Abstract-Locating stator-winding ground faults accurately is a very difficult task. In this paper the grounding circuit measurements are evaluated in order to obtain information about the stator ground-fault location in synchronous generators. In power generators grounded through a high impedance, the relation between the neutral voltage and the phase voltage provide a first estimation of the fault location. The location error by using this ratio depends on the fault resistance and the value of the capacitance to ground of the stator winding. However, the error added by ignoring the value of the fault resistance is the most relevant term. This location estimation and the location error have been evaluated through the data of a real synchronous machine.
I. INTRODUCTION
In power plants, protective systems are vital not only to guarantee the safety of the personal and minimize the damage on the power components and equipment during many kind of events, but also to maintain the reliability of the power system.
One of the most common defect of power synchronous generators is the stator-winding ground fault [1] . The consequences of stator ground faults depends radically on the generator grounding scheme [2] . If the generator is grounded through a high-value impedance the circulating current during this defect is limited by this impedance, but, in case of low impedance grounding, this current may be very high, depending on the location of the fault [3] . In this latter type of grounding scheme the damage caused by a solid ground fault at the generator terminal could be very severe, since the stator winding is short-circuited solidly [4] .
Typically, high-power synchronous generators are grounded through a high impedance, whose value is generally set in order to limit the neutral current in case of solid ground-fault at the generator terminal to 5 A or 10 A [5] . The most basic stator ground-fault protection scheme is based on the measurement of the neutral voltage (59N) [6] or the neutral current (51N) [7] . Since stator ground faults cause the appearance of a neutral circulating current (and therefore a neutral voltage), any ground fault may be detected by the measurement of any of these variables [8] . But the setting of the trip threshold to zero is not recommended for this scheme, since the presence of any transient neutral current may cause an unwanted trip command. This kind of protection scheme is generally called 95% stator ground-fault protection, due to the portion of the stator winding that they protect.
The aforementioned systems allow detecting stator ground faults, but the location of the ground fault is still unsolved. As the equivalent resistance of the breakdown channel (fault resistance) is unknown, determining the exact location of the ground-fault is impossible. In this paper, the measurements provided by the grounding circuit are evaluated in order to obtain information about the fault location. This paper is structured as follows. First, the theoretical approach of ground-fault location in stator windings is described in Section II. Then, the use of 59N/51N is discussed as way of detecting the stator phase under faulty conditions, and as a first estimation of the ground fault, in in Section III. In section IV, the results of estimating the ground-fault location using real data are shown and discussed. Finally, in Section V the laboratory tests are described to show an example of practical application of this method and the validity of the results.
II. THEORETICAL APPROACH OF GROUND-FAULT LOCATION IN STATOR WINDINGS
In synchronous generators grounded through a high-value impedance, the stator ground faults are generally detected using a neutral overvoltage protection (59N) or neutral overcurrent protection (51N). In Fig. 1 , the simplified scheme of a power plant is shown, where the general scheme of 59N and 51N are represented. In this figure, a ground-fault is represented in phase A, where R f is the fault resistance, I f is the fault current, U n is the generator phase voltage, and x represents the exact location of the ground fault, from 0 (Neutral, N ), to 1 (terminal, A). This ground fault causes the appearance of a Neutral Voltage (V N ), and a circulating Neutral Current (I N ), which are measured by the described protections. In high-power generators, several capacitances to ground have to be taken into account, such as the equivalent capacitance to ground of the stator winding, C g , or the capacitance to ground of the generator breaker, the GSU transformer, the auxiliary transformer and the leads, among some others, all included in C z .
In real installations, the measurements of this scheme that can be obtained include I N , V N , U n and V A , the terminal voltage. R N is the grounding resistance, whose value is typically obtained as the resistance needed to limit the circulating current in case of a solid ground-fault at the generator terminal to 10 A (5 A is also used). According to this, a ground fault is detected when the value of I N is above the 51N setting threshold (whose value is generally set to 5% of 10A), or the value of V N is above the 59N setting threshold (whose value is generally set to 5% of U n ), in order to protect approximately the upper 95% of the stator winding. Lower setting level is not recommended due to the possibility of unwanted trip commands.
The equivalent circuit of the grounding network for zero sequence component in case of ground-fault is shown in Fig.  2 , where C T represents the total capacitance of the power system (1).
In this circuit, the parameters of the elements of the left hand side branch are unknown, however I f [3] can be expressed by (2) .
Since I N is measured, (2) can be expressed as (3)
where the underline means phasor magnitude, ω is (4) and f is the fundamental frequency (50 Hz or 60 Hz) for this grounding network.
The expression (3) provides the first relation between x and R f , and some information can be extracted related to the fault location.
III. UTILIZATION OF THE GROUNDING CIRCUIT MEASUREMENTS IN THE GROUND-FAULT LOCATION
First, lets consider the current through the capacitive branch as zero, which means there is no capacitance to ground. This fact is very close to be realistic for lower values of C T , since it will be described later. This consideration leads to expression (5) 
According to this, in case of a stator-ground fault with no fault resistance, the fault location can be directly obtained as the ratio between V N and U n (6) (see Fig. 3 (a) ).
where x * 0 is the first estimation of the ground-fault location using only the information of 59N or 51N. As the value of the fault resistance increases, this estimation becomes imprecise ( Fig. 3 (b) ). Moreover, if capacitances to ground are considered, the use of this ratio as the fault location is more inaccurate (Fig. 3 (c) ).
Besides the fact that this first estimation is not accurate for high-value of fault resistance, it may be useful for the location of solid ground-fault. The main problem is that, unfortunately, the value of the fault resistance is unknown, and this fact makes this estimation unreliable. However, expression (3) provide relevant information since, in case of having a way of estimating the value of R f , the value of x may be also estimated more accurately.
But, this first relation provides relevant information regarding the faulty phase of the stator winding. Due to the fact that, in case of ground-fault, the phase angle between the neutral voltage and the terminal voltage of the faulty phase is very close to zero, the phase winding under faulty condition can be detected. For instance, in Fig. 1 , V N and V A are almost in phase. Moreover, the ratio x * 0 allows obtaining an estimated portion of the stator winding which is free of ground-fault (portion of the winding shadowed in Fig. 3 in every case) . The real portion of the stator winding from the neutral point (N ) to the fault point (x), may be larger than the portion estimated, but it can help in the process of the physical location of the ground-fault, considering that in many cases the value of R f is very small.
A. Error caused by the Utilization of x * 0 as a Fault Locator. In Fig. 4 the phasor diagram of the currents in the grounding circuit at fundamental frequency is shown, where I C T represents the capacitive current. In case if R f = 0 Ω (Fig. 4 (a) ) the neutral current and the phase voltage under faulty condition have the same phase angle. In case of ground fault with R f > 0 Ω (Fig. 4 (b) ) at the same point of the winding, the neutral current is reduced in magnitude and phase shifted. The use of x * 0 as a stator-winding ground-fault locator implies neglecting the effect of the capacitance to ground of the stator winding and the fault resistance. This assumption cause a ground-fault location error (E T ) which can be expressed as:
This total error is composed by the addition of the error related to neglecting R f (E 1 ), and the error related to neglecting the effect of C T (E 2 ). In this way,
where E 2 is expressed as
IV. RESULTS OF SIMULATION OF STATOR GROUND-FAULT LOCATION
In order to evaluate this locating estimation, the real data, summarized in Table V , has been used. Firstly, in Fig. 5 the fault-location estimation (x * 0 ) for x ∈ [0,1] and R f ∈ [0,1000] Ω is represented. Moreover, the module of the neutral current is also shown, where the maximum value (10 A in this case) is obtained in a ground fault at phase terminal (x = 1) with R f = 0 Ω. As observed, as the fault resistance increases, the value of x * 0 decreases, and the fault location is more inaccurate. The total error in the fault-location estimation added is shown in Fig 6 (a) . As shown, as the ground fault is closer to the generator terminal the total error is increased. Since the utilization of x * 0 as a fault locator implies neglecting the existence of the stator capacitance to ground and the fault resistance, the study of the error related to each parameter is important. In Fig. 6 (b) shows the total relative error (E T ) and the relative error related to neglecting exclusively the effect of C T (E 2 ) for x ∈ [0,1] and R f ∈ [0,1000] Ω. As observed, E 2 represents an small part of the total error of this fault location. The ratio between E 2 and E T depends radically on the value of the stator capacitance to ground. Fig. 7 shows the value of this ratio for several values of capacitance and for [0,1000] Ω. For values of capacitance lower than 4 µF, the value of this ratio is under 0.3, even for R f = 1000 Ω. This fact shows that ignoring the value of the fault resistance is the most relevant term of the total error. Although the value of total capacitance to ground can be higher of 4 µF, it is not common, and values like 2µF are, actually, considerably high. Table I and Table II summarized the value of I N , V N , x * 0 , E T for x ∈ [0,1] in case of R f = 100 Ω and R f = 1000 Ω, respectively. As shown, the fault location in case of a ground-fault with R f = 1000 Ω is less accurate than in case of R f = 100 Ω. Second, the estimation is less accurate as the fault location increases. According to this, the highest error is observed for ground faults at the generator terminal in both cases (Table I and Table II ). This fact is explained as expression (9) depends on the I N or V N , which become very small when the fault is located closer to the neutral. In Table III  and Table IV , the effect of the fault resistance in the estimation on the fault location. As described, through the comparison of both tables, it can be observed that the estimations in case of a ground fault at x = 0.25 are more accurate than faults located at x = 0.75. However, in both cases the accuracy is reduced as the fault resistance is increased, as expected. Finally, the estimation of both variables is very accurate in the range from 0 Ω to 100 Ω, but if the fault resistance has a higher value, the estimation may be very harmed.
V. CONCLUSIONS
In this paper the grounding circuit measurements are evaluated in order to provide information about the ground-fault location in stator winding of synchronous machines. This estimation using 59N/51N is discussed, concluding that the ground fault can not be accurately located through the available measurements in the 95% stator ground-fault protection scheme. However, the ratio between the neutral voltage and the phase voltage provide a portion of the winding that is certainly free of faults. Although, the part of the winding from the neutral to the exact point of the ground fault may be longer than this first estimation, this information could help to locate physically the defect in the repairing process.
The total error in locating the ground fault is mainly due to the effect of ignoring the fault resistance, since the error added by neglecting the stator capacitance. Moreover, this total error increases as the fault resistance increases and as the fault location is closer to the phase terminal.
Finally, the relation between the fault location and the fault resistance obtained of the zero sequence grounding network implies the first expression of a possible estimation algorithm, since, in case of estimating the value of the fault resistance by any method, the location of the ground fault may be estimated more accurately. Further research of this study will focus on this point. 
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